Abstract: A parametric study was carried out in order to understand the salient aspects affecting the distribution of compressive stresses in transversely posttensioned concrete bridge decks. Alternative finite element modeling techniques and alternative software were considered and the corresponding analytical results were compared with the experimental results from previous investigations. It was found that the distribution of compressive stresses is mainly affected by the support conditions of the girders and the axial stiffness of the diaphragms.
Introduction
The fundamental question to be answered is: how are transverse stresses distributed on the top surface of a concrete bridge deck that is subjected to a uniform transverse posttensioning applied at the edges. It is also desirable to determine the parameters significantly affecting such distribution of transverse stresses because some insight can be gained about the required magnitude and distribution of applied posttensioning to reach the condition of low or no tensile stresses on the deck under superimposed service loads.
Modeling of Deck-on-Girder Superstructures
Alternatives for modeling deck-on-girder superstructures range from closed-form solutions of particular cases ͑Westergaard 1930; Duberg et al. 1960; Cao and Shing 1999͒ to numerical solutions ͑Chen et al. 1957͒ , and somewhat more recently to modeling techniques. Whereas in two-dimensional ͑2D͒ FE models ͑Mabsout et al. 1999͒ the elements representing the deck, the girders, and the diaphragms are located in the same plane, in three-dimensional ͑3D͒ FE models ͑Bishara and Elmir 1990; Bishara et al. 1993; Mabsout et al. 1997; Chan and Chan 1999͒ , these elements are located in different planes and are connected through rigid links. The most notorious deficiency of the 2D models in relation to 3D FE models is that the eccentricity of the posttensioning with respect to the composite diaphragmslab section is not represented. Four distinct 3D FE analysis techniques appropriate for the modeling of deck-on-girder superstructures are found in the literature and are described as follows: 1. Type I: Girders and diaphragms are modeled as frame elements rigidly connected to the deck. The deck is modeled with shell elements. 2. Type II: Top and bottom flanges and webs of girders are modeled as frame elements. Diaphragms and deck are modeled as shell elements. Elements are connected through rigid links. 3. Type III: Top flanges of girders and diaphragms are modeled as frame elements rigidly connected to the deck. Webs of girders and deck are modeled using shell elements. 4. Type IV: Girders and diaphragms are modeled with solid brick elements ͑three translations at every node͒, and the deck is modeled with shell elements.
Evaluation of Alternative Finite Element Models Using Experimental Results
To evaluate the accuracy of each modeling alternative with respect to the calculated distribution of stresses induced from edge transverse posttensioning of the deck, a test specimen from the Texas study ͑Mora 1983; Ralls 1984; Poston et al. 1989͒ was considered. The geometric characteristics of the test specimen are shown in Fig. 1 . The applied transverse posttensioning at the edges was about 4.1 MPa ͑0.6 ksi͒ and consisted of 6.3 mm seven-wire strand tendons ͓1,750 MPa ͑250 ksi͔͒ spaced at 140 mm, except in 549 mm wide regions over the diaphragms where the spacing was halved and thus the applied transverse posttensioning was about 8.2 MPa ͑1.2 ksi͒. The higher transverse stress applied over the diaphragms was intended to overcome the restraining effect of such elements and thus obtain a more uniform distribution of transverse stresses on the surface of the deck. Tendons were straight and their resultant force was assumed concentric with respect to the centerline of the concrete slab. Only one half of the span of the deck was transversely posttensioned in the Texas specimen. Two diaphragm arrangements were tested: the first, which will be referred to as the all-diaphragm case, included both interior and end diaphragms; and the second, which will be referred to as the end-diaphragm case, included end diaphragms only. Stresses in the experimental program were inferred from strain gage readings assuming a constant modulus of elasticity for concrete ͑Almustafa 1983; Ralls 1984͒.
The computer program SAP2000 was used to represent the test superstructure using modeling alternatives 2D and 3D Types I-III. The computer program ANSYS 5.7 was used for modeling alternative Type IV. The calculated distribution of transverse stresses, using three-dimensional Type I FE modeling, is shown in Fig. 2 with contour lines for the half of the deck that was transversely posttensioned. Experimental values for the stresses on the top surface of the deck are indicated in the same figure with dots. The comparison of experimental and calculated stresses is summarized in Table 1 for the different FE modeling techniques. Error is defined as the difference between the calculated and measured value divided by the measured value at a given location. Positive errors correspond to overestimations of the experimental values. The mean error is computed based on the absolute values of individual errors. The maximum overestimations and underestimations are also indicated in Table 1 . Minimum overestimations and underestimations were almost zero ͑less than 4%͒ for all modeling alternatives and thus are not reported.
The values presented in Table 1 suggest that that there is no significant difference in the estimation of induced transverse stresses when using any of the FE modeling alternatives evaluated. The average error in the calculation of the transverse stresses on the top surface of the deck is about 12-16% for both Table 1 also indicates that modeling the eccentricity of the posttensioning does not have a significant effect on the distribution of transverse stresses.
Parametric Study
An extensive parametric study was conducted as part of the research project carried out at Purdue Univ. ͑Smith-Pardo and Ramirez 2002͒. The base structure for the parametric study, depicted in Fig. 3 , is similar to the prototype in the Texas study ͑Poston et al. 1989͒. It consisted of a deck-on-girder superstructure having a span length of 23,200 mm ͑76 ft͒ and a deck width of 17,700 mm ͑58 ft͒. The superstructure had seven girders, two interior diaphragms, and two exterior diaphragms. Girders were C-type standard Each girder was supported on unreinforced elastomeric bearing pads at both ends. Each bearing was modeled as a roller with two mutually perpendicular springs representing the shear stiffness of the elastomeric pads. One of the springs is oriented in the longitudinal ͑traffic͒ direction and the other in the direction perpendicular to the traffic ͑parallel to the diaphragms͒. The interaction between the two springs is neglected in the analyses. Elastomeric bearing pads had bϭ305 mm ͑12 in.͒ ϫwϭ508 mm ͑20 in.͒ cross sections and a thickness hϭ102 mm ͑4 in.͒. The shear modulus was assumed as Gϭ1.2 MPa ͑170 psi͒. The corresponding shear ͑spring͒ stiffness is calculated as K s = Gbw / hϭ1.8 kN/mm ͑10 kip/in.͒ in each direction. The expression for K s is easily derived by assuming small deformation of the elastomeric bearings in shear only ͑Poston 1984͒.
Three-dimensional Type I FE modeling was used for the analyses. The choice of this modeling technique was arbitrary as the evaluated modeling alternatives produced similar results.
Unlike the Texas study ͑in which the applied stresses in zones of the deck above the diaphragms were twice those at other zones͒, all the structures defined in the parametric study were subjected to a uniform unit compressive stress applied along the edges of the deck. The choice of a uniform distribution of applied stresses is convenient because it avoids introducing variables such as the width and the magnitude of the applied stresses in zones of the deck above the diaphragms.
For the parametric study transverse stresses were evaluated along four types of lines on the surface of the deck defined as follows ͑Fig. 3͒: 1. Strip 1 ͑S1͒: located on the top surface of the deck along end diaphragms; 2. Strip 1 ͑S2͒: located on the top surface of the deck halfway between an end diaphragm and adjacent interior diaphragms; 3. Strip 3 ͑S3͒: located on the top surface of the deck along the interior diaphragm that is closest to the end of the deck; and 4. Strip 4 ͑S4͒: located on the top surface of the deck between consecutive interior diaphragms that are closer to the end of the deck. Along a particular line, transverse stresses were calculated every 610 mm ͑2 ft͒ as this corresponded to the grid size in the finite element model. For each line, the minimum and the mean stresses were reported. The minimum transverse stress is of major importance from the point of view of design, because its magnitude should be sufficient to prevent longitudinal cracking of the deck under service loading. In the discussion that follows, transverse stress refers to that oriented perpendicular to the direction of the traffic ͑i.e., perpendicular to the direction of the girders͒.
Contours of Induced Transverse Stresses for Base Case Structure
The resulting distribution of transverse stresses on the top surface of the deck for the base case structure is shown in Fig. 4 with contour lines. Because of symmetry, only one quarter of the deck is shown. From Fig. 4 it is important to notice that the magnitude of the induced compressive stress near the end of the deck is significantly smaller than that in zones near midspan. Although the space limitation for this paper makes it impossible to show individual contour maps for each case considered in the parametric study, it should be mentioned that the topology of the distribution of transverse stresses is similar to the one shown in Fig. 4 in all cases while the magnitudes change significantly.
Effect of Number of Diaphragms
The base case illustrated in Fig. 3 was consecutively modified by changing the number of interior diaphragms in the superstructure. In all the analyses, all diaphragms were evenly spaced along the span of the deck. 5 shows the variation of the calculated minimum and average transverse stresses at different strips as a function of the number of diaphragms. It can be seen that there is not a significant change in the distribution of transverse stresses with the number of interior diaphragms. In Strips 2-4 the average and the minimum stresses are similar to each other. This suggests that there is a uniform distribution of induced stresses in regions of the deck away from the ends regardless of the number of diaphragms. The minimum and average stresses along any of the strips do not significantly decrease as the number of diaphragms is increased. This suggests that, for the domain of the foregoing parametric study, the restraining effect of each individual diaphragm can be considered localized ͑i.e., independent from the restraining effect of other diaphragms͒. This is a relevant observation that may allow prescribing different levels of posttensioning at different diaphragm regions for design purposes. It is also observed from Fig. 5 that the minimum and the average top transverse stress in regions of the deck above the end diaphragm ͑S1͒ are significantly smaller than the corresponding stresses in regions above interior diaphragms ͑S3͒. This can be explained by noticing that: ͑1͒ the restraining effect imposed by the supports of the girders is more significant near the ends of the deck; and ͑2͒ the effective width of the deck tributary to end diaphragms is smaller than that for interior diaphragms, thus the resultant applied eccentric load is higher ͑and so are the stresses on the deck͒ for the composite interior diaphragms.
Effect of Boundary Conditions of Girders
The base case illustrated in Fig. 3 was modified by changing the level of restraint against displacement in the longitudinal and transverse direction at the ends of each girder. Such support conditions at the ends of each girder were simulated with a roller and two mutually perpendicular springs having elastic constants equal to K s ͑the base case structure had K s ϭ1.8 kN/mm͒. The springs were again oriented parallel and perpendicular to the direction of the traffic. Large values of K s are relevant because they approximate the support condition for integral bent bridges.
The minimum and average stresses as a function of K s at different strips are shown in Fig. 6 . It can be seen that the degree of fixity at the ends of the girders significantly affects the distribution of induced transverse stresses, especially near the end of the deck. More restrained support conditions for the girders would be qualitatively equivalent to a stiffer diaphragm at the end of the deck. Such an equivalent element will attract a significant portion of the applied transverse stresses, and thereby will reduce 
Effect of Reinforced Concrete Diaphragm Size
The base case illustrated in Fig. 3 was modified by changing the cross-sectional area of all the diaphragms and keeping the same aspect ratio ͑height/widthϭ2.0͒. Concrete diaphragms were modeled as elastic beam elements having a young modulus, E c ϭ27,600 MPa ͑4,000 ksi͒.
The results from the finite element analyses are summarized in Fig. 7 . It is noticed that the minimum and average stresses at Strip 1 significantly depend on the size of the diaphragms. The restraining effect of the diaphragms, however, is considerably less significant at Strips 2-4. This can be explained by the following two opposite effects:
1. As the cross-sectional area of the diaphragm is increased the restrained effect increases and the induced compressive stress decreases; and 2. As the height of the diaphragm is increased, the eccentricity of the applied transverse load on the composite diaphragmdeck section is increased thus flexural stresses on the top flange are higher. The superposition of effects ͑1͒ and ͑2͒ to a similar extent must be responsible for the relatively minor change in the induced stress in Strips 2-4 as the diaphragm size is increased. For Strip 1, on the other hand, the effect ͑1͒ is more significant than the effect ͑2͒ because the tributary area of deck for the end diaphragms is smaller.
Effect of Position of End Diaphragm
The base case is modified by changing the position in the longitudinal ͑traffic͒ direction of the end diaphragm with respect to the end of the deck. For the base case structure ͑Fig. 3͒, in particular, end diaphragms were located at 305 mm from the respective ends of the deck. Fig. 8 summarizes the results from the analyses in terms of the minimum and average stresses at different strips. It is observed that the transverse stresses at the end regions of the deck ͑S1͒ increase as these elements are placed farther from the ends of the deck. This can be explained in part by considering the diaphragms as composite with the deck. As the end diaphragms are placed away from the edge of the deck their tributary area of deck increases and so does the resultant compressive force ͑for an applied unit stress͒. Notice that induced transverse stresses in other regions of the deck remain basically unchanged for different positions of the end diaphragm.
Summary and Conclusions
The primary objective of this research was to evaluate how different parameters ͑geometry and physical parameters͒ affect the distribution of transverse compressive stresses in concrete decks under transverse posttensioning. The experimental results from previous studies were used to test the values calculated from alternative modeling techniques and/or alternative finite element programs. Following the validation and selection of a convenient alternative modeling technique, a parametric study was carried out in order to identify the most relevant variables. A base case structure was defined and then subjected to transverse unit forces representing the posttensioning. The following can be concluded: 1. Different FE modeling schemes for a particular deck-ongirder structure subjected to transverse stresses only ͑test model of the Texas study͒ were found to produce results reasonably similar to the experimental values. The average ratio of calculated to experimental transverse stresses on the top surface of the deck is at most 1.16 for two different tests. 2. The degree of restraint at the end of the girders has a significant effect on the distribution of transverse stresses on the top of the deck. The induced compressive stresses at different regions of the deck remains almost constant for all the possible ͑neoprene pad or others͒ bearings for which K s Ͻ20 kN/mm. Support conditions for which K s Ͼ10,000 kN/mm are considered as fixed for practical purposes and might correspond to the condition of an integral end bridge. 3. The restraining effect of every diaphragm can be approximately taken as independent of the effects of other diaphragms in the superstructure. Prescribing different levels of posttensioning at different regions near the diaphragm is a reasonable approach for design purposes. In particular, higher transverse forces are needed at regions near the end diaphragms as compared to those needed at regions near the interior diaphragms. 4. The restraining effect of the diaphragm can be explained by considering the flexural action of the applied transverse posttensioning on a composite diaphragm-deck section. 5. Superimposing the induced transverse stresses from dead and live loads with the induced stresses from transverse posttensioning may lead to a feasible alternative to limit cracking on the top surface of the deck and thus mitigate the onset of corrosion of the reinforcement.
